Francisella tularensis is a highly infectious facultative intracellular bacterium and aetiological agent of tularaemia. The conserved hypothetical lipoprotein with homology to thiol/disulphide oxidoreductase proteins (FtDsbA) is an essential virulence factor in F. tularensis. Its protein sequence has two different domains: the DsbA_Com1_like domain (DSBA), with the highly conserved catalytically active site CXXC and cis-proline residue; and the domain amino-terminal to FKBP-type peptidyl-prolyl isomerases (FKBP_N). To establish the role of both domains in tularaemia infection models, site-directed and deletion mutagenesis affecting the active site (AXXA), the cis-proline (P286T) and the FKBP_N domain (DFKBP_N) were performed. The generated mutations led to high attenuation with the ability to induce full or partial host protective immunity. Recombinant protein analysis revealed that the active site CXXC as well as the cisproline residue and the FKBP_N domain are necessary for correct thiol/disulphide oxidoreductase activity. By contrast, only the DSBA domain (and not the FKBP_N domain) seems to be responsible for the in vitro chaperone activity of the FtDsbA protein.
INTRODUCTION
Disulphide bond formation, one of the most crucial steps in the protein-folding process in Gram-negative bacteria, takes place in the periplasm. Correct forming of the disulphide bond is necessary for proper biological activity and conformational stability of many extracytoplasmic proteins. This process is carried out by members of the thiol/disulphide oxidoreductase (Dsb) family of proteins. The Dsb proteins belong to the thioredoxin superfamily, a group of proteins with a common domain structure known as the thioredoxin fold. The thioredoxin fold in general contains two major well-conserved motifs: the catalytically active site CXXC and the so-called cis-proline loop, which in Dsb proteins is distant in sequence from but nevertheless in touch with the catalytically active site (Martin, 1995) . The Dsb proteins have been shown to be important in bacterial lifestyles and to play a major role in virulence in several bacterial species. The deletion variants of thiol/ disulphide oxidoreductase family members affect multiple virulence factors in several Gram-negative pathogens such as Pseudomonas aeruginosa (Ha et al., 2003) , Bordetella pertussis (Stenson & Weiss, 2002) , Shigella flexneri (Yu et al., 2001) , Proteus mirabilis (Burall et al., 2004) and Salmonella enterica serovar Typhimurium (Miki et al., 2004) .
Francisella tularensis, the aetiological agent of tularaemia, is a highly infectious bacterium and has been classified by the Centers for Disease Control and Prevention as a Category A biological agent due to its potential misuse as a biological weapon. Identification and further characterization of virulence genes is essential for deeper understanding of the molecular basis of its pathogenicity. F. tularensis DsbA homologue (FtDsbA), formerly annotated as a hypothetical lipoprotein (FTT1103 in SchuS4 genome, FTS_1067 in FSC200 genome), is presumed to be one of the most important virulence factors in both F. tularensis subsp. tularensis (Qin et al., 2009) and F. tularensis subsp. holarctica (Straskova et al., 2009) . The deletion mutant in SchuS4 DsbA homologue, later designated FipB by Qin et al. (2011) , was shown to be defective in Francisella uptake and intracellular survival. In addition, the in-frame deletion strain was able to promote partial protection against intranasal challenge of SchuS4 (Qin et al., 2009) . Similarly the FtDsbA mutant in strain FSC200 revealed attenuation both in vivo and in vitro (Straskova et al., 2009) . This in-frame deletion mutant was able to fully protect mice against challenge with up to 4610 5 c.f.u. of wild-type strain FSC200. Moreover, the thiol/disulphide oxidoreductase activity of FtDsbA protein was demonstrated (Straskova et al., 2009) . The FtDsbA sequence consists of two functional domains: carboxy terminal DsbA_Com1_like domain (DSBA domain) and the domain amino terminal to FKBP-type peptidyl-prolyl isomerases (FKBP_N domain) (Fig. 1) . The lipid modification of FtDsbA (Straskova et al., 2009) seems to stimulate TLR1/TLR2 heterodimer and thus activate TLR2-mediated signalling in the host cell (Thakran et al., 2008) . Although O-glycosylation of the FtDsbA homologue has also been demonstrated, this modification did not affect in vivo infection (Thomas et al., 2011) . The presence of both the FKBP_N and the DSBA domains and post-translational modifications makes the FtDsbA homologue unique among the Dsb proteins of Gram-negative bacteria.
In the present study, we endeavoured to determine the role of both functional domains in FtDsbA homologue protein of F. tularensis subsp. holarctica strain FSC200. We examined the effects of mutations in two highly conserved motifs of the DSBA domain (the catalytically active site CXXC and the cis-proline residue) and the FKBP_N domain on F. tularensis subsp. holarctica virulence. All three mutations led to high attenuation of F. tularensis in both in vivo and in vitro infection models. Moreover, we observed the ability of FtDsbA to promote in vitro chaperone activity. All mutations led to loss of thiol/ disulphide oxidoreductase activity of recombinant proteins while the in vitro chaperone activity remained unaffected. These results indicate that all analysed sequence sites are important for FtDsbA participation in folding of the protein and thus are crucial for F. tularensis subsp. holarctica virulence.
METHODS
Bacterial strains and growth conditions. All bacterial strains and plasmids are listed and described in Table 1 . F. tularensis subsp. holarctica FSC200 and the FtDsbA complemented strains were cultured on McLeod agar enriched in bovine haemoglobin (Becton Dickinson) and IsoVitaleX (Becton Dickinson) or in chemically defined Chamberlain's medium (Chamberlain, 1965) , both at 37 uC. Escherichia coli strains were cultured in Luria-Bertani (LB) broth (Sigma) or on LB agar plates at 37 uC. If appropriate, kanamycin at 50 or 20 mg ml 21 was used for E. coli and F. tularensis subsp. holarctica trans-complemented strains, respectively.
Construction of F. tularensis subsp. holarctica FSC200 transcomplemented strains. For trans-complementation of in-frame deletion mutant FSC200DFtDsbA (Straskova et al., 2009) , the ftdsbA gene was PCR amplified using F. tularensis subsp. holarctica FSC200 chromosomal DNA as template with appropriate primers introducing the restriction sites ( Table 2 ). The resulting PCR products were cloned into the pCR4-TOPO vector (Invitrogen) (FtdsbA construct). Deletion of residues 46-143 corresponding to the FKBP_N domain (J. Damborsky and E. Sebestova, personal communication) was accomplished by amplification of the flanking region upstream (ftdsbA_del_A, ftdsbA_del_B primer pair) and downstream (ftdsbA_del_C and ftdsbA_del_D pair) of the deletion and overlapping the purified fragments as a template by second PCR amplification using primer pair ftdsbA_del_A and ftdsbA_del_D. The final construct was cloned into pCR4-TOPO vector. The amino acid substitutions of cysteines at positions 164 and 167 to alanines and proline 286 to threonine were introduced into the FtdsbA construct using a QuickChange Site-directed mutagenesis kit (Stratagene) and mutagenic primers pairs (listed in Table 2 ). All constructs were verified by sequencing (Generi Biotech). Fragments were cloned into the shuttle plasmid pKK298KmGFP (a kind gift from Å ke Forsberg, Umeå University, Sweden) under the live vaccine strain (LVS) GroES promoter (Bönquist et al., 2008) and the constructs were introduced into the F. tularensis subsp. holarctica FSC200DFtdsbA deletion strain by electroporation (Rodriguez et al., 2008) . The resulting trans-complemented strains were denoted as cFSC200 (FSC200DFtdsbA+pKK289-FtdsbA), DFKBP_N (FSC200DFtdsbA+ pKK289-FtdsbADFKBP_N), AXXA (FSC200DFtdsbA+pKK289-FtdsbAC164AC167A) and P286T (FSC200DFtdsbA+pKK289-FtdsbAP286T) and stored as glycerol stocks at 2150 uC.
Cloning, overproduction and purification of recombinant FtDsbA proteins. Coding regions of the ftdsbA gene were PCR amplified using F. tularensis FSC200 chromosomal DNA or DFKBP_N, AXXA and P286T constructs as templates (primers harbouring restriction sites are listed in Table 2 ). For expression in E. coli, the ftdsbA fragment was cloned into the pET28b(+) vector (Novagene), creating the C-terminal His 6 -fusion recombinant FtdsbA (rFtdsbA) construct. The rFtdsbA constructs were verified by sequencing and transformed into recipient strain E. coli BL-21 BL21(DE3) (Stratagene). All recombinant proteins contained Nterminal signal peptide (residues 1-21) and the lipid attachment site (cysteine 22). For recombinant protein purification, cells were grown in LB medium at 37 uC to an OD 600 of 0.5, were inoculated into Overnight Express Instant TB medium (Novagen), and the temperature was lowered to 30 uC. The bacterial cells were harvested 8 h later by centrifugation (8000 g, 10 min, 4 uC). The pellet was washed in cold PBS and resuspended in detergent buffer [PBS containing 0.35 M NaCl and protease inhibitors cocktail Complete EDTA-free Thakran et al. (2008) . Briefly, Triton X-114 (Sigma) was added to a final concentration of 2 % and the solution was incubated at 4 uC for 1 h. After centrifugation (12 000 g at 4 uC for 30 min), the supernatant was phase-separated by warming the solution for 10 min in a 37 uC water bath. The sample was then centrifuged (14 000 g, 27 uC for 10 min) and the detergent phase was suspended to its original volume in ice-cold detergent buffer and rewarmed and recentrifuged as described above, generally three times. The final lipoprotein-containing fraction was resuspended in binding buffer (50 mM Tris/HCl, pH 7.5, 300 mM NaCl, 10 mM imidazole) and diluted to a final concentration of detergent under 2 %. The sample was mixed with His-Link Purification Resin (Promega) and incubated for 1 h at 4 uC. The resin was loaded onto the column, washed three times and then eluted with a high concentration of imidazole (1 M). The elution fraction was dialysed against 5 mM Tris/HCl, pH 7.5, and concentrated using a vacuum evaporator. The purity of recombinant proteins was evaluated by SDS-PAGE and Coomassie R-250 Blue staining.
Intra-macrophage survival assay. The murine macrophage-like cell line J774.2 (ECACC ref. no: 85011428) was cultivated in Dulbecco's modified Eagle's medium with Glutamax-I (DMEM; Invitrogen) supplemented with 10 % heat inactivated FBS at 37 uC in a 5 % CO 2 atmosphere. For intra-macrophage survival assay, the cells were plated into a 24-well plate at a density of 5610 5 cells per well and subsequently infected with F. tularensis subsp. holarctica FSC200 and the FtDsbA-complemented strains at m.o.i. of 500 : 1. The bacteria were centrifuged onto the cells at 400 g for 3 min at room temperature and thereafter incubated for 30 min at 37 uC with 5 % CO 2 . The cells were then washed three times with warm PBS to remove the extracellular bacteria and further cultivated for 30 min in complete cultivation medium with 50 mg gentamicin ml
21
. Finally, the cells were washed three times with PBS and further cultivated in complete medium without antibiotic. At different time points after infection, the cells were harvested using 0.1 % sodium deoxycholate and diluted for c.f.u. plating on McLeod agar plates. All experiments were performed at least three times, each in triplicate. Statistical analyses were performed using unpaired two-tailed Student's t-test. P values ,0.0001 were accepted as significantly different and were denoted by asterisks.
Mouse bone marrow-derived macrophages were derived from 6-10-week-old female BALB/c mice (Velaz), as described by Celli (2008) . Briefly, mouse femurs and tibias were extracted, the ends of the bones were cut off, and the bone marrow cells were flushed out. The cells thus obtained were cultured in DMEM supplemented with 10 % FBS, 20 % L929-conditioned medium (source of macrophage-colony stimulating factor), 50 U penicillin ml 21 and 50 mg streptomycin cocktail ml 21 (Sigma-Aldrich) (antibiotics were used only for the first 3 days of cultivation), then incubated at 37 uC in 5 % CO 2 for 7 days. The mouse bone marrow-derived macrophages were infected by FtDsbA-complemented strains at m.o.i. of 50 : 1. The infection procedure was similar to that described for the J774.2 cell line.
In vivo mouse studies. Female BALB/c mice 6-10 weeks old were used for each experiment. Mice were housed in micro-isolator cages and fed sterilized water and food ad libitum. Groups of five mice were infected subcutaneously with doses of 10 2 , 10 4 and 10 6 c.f.u. for all FtDsbA-complemented mutants and 10 2 c.f.u. for the wt strain. The control mice group was inoculated with sterile saline only. Mice were examined every day for signs of illness. All inocula were diluted and plated on McLeod agar plates at 37 uC for 4 days to determine the actual dose administered. For protection studies, the infected and non-infected mice were challenged subcutaneously 21 days post-infection with 10 2 c.f.u. of the wt strain and monitored for survival for at least 21 days.
Insulin reduction assay. The thiol/disulphide oxidoreductase activity of recombinant proteins was determined by following the rate of precipitation of insulin B chain from the solution in the presence of DTT (Holmgren, 1979) . The reaction mixture contained 150 mM insulin solution in 0.1 M potassium phosphate buffer, pH 7.0, 2 mM EDTA, and 5 mM thioredoxin (Sigma-Aldrich) or 5 mM recombinant FtDsbA homologous proteins for reaction catalysis. The reaction was started by adding DTT to a final concentration of 0.33 mM. Increasing turbidity of the reaction mixture was measured as the absorbance at 650 nm every 30 s for 1 h. The rate of insulin reduction by DTT alone in the absence of FtDsbA or thioredoxin was measured as a negative control.
In vitro chaperone-like activity assay. The thermal aggregation of citrate synthase (CS; Sigma) was determined as described by Buchner et al. (1998) . Briefly, porcine heart CS was dialysed and concentrated into 40 mM HEPES buffer, pH 7.5. The protein concentration of CS was determined spectrophotometrically with an absorption coefficient of 1.78 cm 21 for 1 mg ml 21 solution at 280 nm and the CS was diluted into 40 mM HEPES-KOH buffer, pH 7.5, to a final concentration of 30 mM. Thermal denaturation was achieved by incubation of CS at 43 uC in 40 mM HEPES-KOH buffer, pH 7.5, for 15 min (with or without the protection of chaperone). All wt and FtDsbA recombinant proteins were measured in a final equimolar or fourfold molar excess concentration of CS (monomer). All measurements were performed on a Perkin Elmer LS50B fluorescence spectrometer equipped with a magnetic stirrer and thermostatic cell holder. Excitation and emission wavelengths both were set to 500 nm and the spectral bandwidth was 2.5 nm. Data points were recorded every 0.5 s. BSA (Sigma) was used as a control for non-specific CS protection.
Evaluating oligomeric state of recombinant proteins by blue native PAGE. The oligomeric state of recombinant proteins was evaluated using blue native PAGE (BN-PAGE). Linear 8-16 % polyacrylamide gradient mini-gels were cast using a gradient mixer. BN-PAGE gel and running buffer compositions were used as described by Schägger & von Jagow (1991) and Jänsch et al. (1996) . The samples were treated with 1 % (v/v) Triton X-100 in 50 mM HEPES buffer containing 150 mM potassium acetate and 10 % glycerol, pH 7.0. Before loading onto the gel, 1 ml of 5 % (w/v) Coomassie brilliant blue in 750 mM 6-aminohexanoic acid was added per 20 ml of the protein sample. NativeMark Unstained Protein Standard (Invitrogen) was used as a molecular mass standard. BN-PAGE was performed on ice at 100 V for the first 30 min and then the voltage was increased to 200 V until the run ended. After half the run, the blue cathode running buffer was exchanged with colourless buffer to clear the background for further immunoblotting. After electrophoresis, the gels were washed in 0.1 % SDS solution for 15 min, then in transfer buffer containing 25 mM Tris-base, 192 mM glycine and 20 % methanol for 20 min, and subsequently transferred onto a PVDF membrane using the semi-dry Western blotting procedure. The proteins transferred to the membrane were subjected to Western blot analysis using anti-His horseradish peroxidase-conjugated antibody (1 : 2000). For chemiluminescence detection, the Pierce ECL Western blotting Substrate kit (Thermo Scientific) was used.
FSC200 protein alkylation and non-reducing SDS-PAGE. To distinguish the real oligomeric state of FtDsbA protein, FSC200 culture was treated with 50 mM iodoacetamide in 50 mM Tris/HCl, pH 8.5, at room temperature. The non-treated FSC200 culture was taken as a control. Cell lysis using a French press (two passages at 16 000 p.s.i.) was performed on both cultures. The lysates were mixed with SDS loading buffer without reducing agents and loaded onto 7.5 % SDS-PAGE gel. The proteins were subsequently transferred by semi-dry Western blotting and analysis was performed using monoclonal anti-FtDsbA antibody (1 : 1000) followed by secondary 
RESULTS
FtDsbA mutants are attenuated in multiplication and survival in macrophages Previous work had shown high attenuation of an in-frame deletion mutant of FtDsbA homologue in both an attenuated type B LVS and virulent wt B isolate FSC200 (Straskova et al., 2009) . To assess the ability of the FtDsbA mutants (AXXA, P286T, DFKBP_N) to enter and replicate in macrophages, the complemented strains and parental wt strain (positive control) were used to infect cultures of the J774.2 murine macrophage cell line. There was no significant difference in the uptake of wt and mutant bacteria by J774.2 cells. In contrast to the wt strain and the trans-complemented strain cFSC200, the FtDsbA mutants were unable to multiply inside the J774.2 macrophage cell line (Fig. 2a) . During the first 24 h post-infection, the wt and the trans-complemented strain cFSC200 increased by 2.09 and 1.95 log 10 , respectively, while the numbers of viable FtDsbA mutants recovered from murine macrophages increased by just 0.52 log 10 for DFKBP_N, 0.37 log 10 for AXXA and 0.08 log 10 for P286T (Fig. 2a) . This trend continued after 48 h post-infection, where the wt and cFSC200 strain increased by 2.29 and 2.12 log 10 , respectively, and viable counts of FtDsbA variant mutants increased by 0.61 log 10 for DFKBP_N, 0.13 log 10 for AXXA and 0.22 log 10 for P286T. To verify the replication defect, the primary mouse bone marrow-derived macrophages were infected in the same way as the J774.2 cell line. As in the J774.2 cell line, a decline in intracellular proliferation was observed for all FtDsbA mutant variants.
Twenty-four hours after infection, the viable counts obtained from the murine primary cell line had increased by 2.1 and 2.03 log 10 for the wt and cFSC200, respectively, whereas numbers of mutant bacteria had decreased by 0.71 for AXXA, 0.43 for DFKBP_N and 0.48 log 10 for P286T mutant (Fig. 2b) . Forty-eight hours after infection, the numbers of mutant bacteria had increased slightly from the 24 h time point by 0.22, 0.16 and 0.02 log 10 for AXXA, FKBP_N and P286T mutants, respectively. The wt and cFSC200 bacterial numbers continued the previous trend and increased by 2.54 and 2.48 log 10 , respectively. To exclude the possibility of a general growth defect, the mutant strains were screened for growth in Chamberlain chemically defined medium (data not shown). Growth of FtDsbA mutants and cFSC200 were equivalent to that of the wt strain, and thus the intra-macrophage growth defects were related to FtDsbA protein mutations.
Together, these results demonstrate the significance of both FtDsbA homologue domains for intracellular survival and replication in macrophage infection models. Our results are in agreement with those obtained previously (Straskova et al., 2009 ). In the study of Qin et al. (2011) the CXXA and AXXC mutants were defective in intracellular survival, but their uptake was not affected using the macrophage-like cell line J774.A1. strain. The mice were monitored daily for morbidity and mortality over 21 days. All mice infected with 290 c.f.u. of parental wt strain and 270 c.f.u. of cFSC200 died by day 5 or 6 post-infection. In contrast, 100 % of mice infected by FtDsbA mutant variants survived at all doses for 3 weeks (Fig. 3) . To investigate the protective effect of FtDsbA mutant variants, the survivors were subsequently challenged with 300 c.f.u. of the wt strain. All mice infected with AXXA at doses of 280, 2.8610 4 and 2.8610 6 c.f.u. of bacteria survived the wt challenge. For the P286T mutant, the lower doses of infection (31, 310 and 3100 c.f.u.) were not sufficient to provide total protection against the wt challenge (Table 3) . Full protection was achieved only after immunization with doses higher than 3.1610 5 c.f.u. For the DFKBP_N mutant, the dose sufficient to induce full protection against wt challenge was 2.5610 5 c.f.u. or more ( Table 3) .
Loss of thiol/disulphide oxidoreductase activity of recombinant proteins
The recombinant wt FtDsbA and its mutant variants (including signal sequences) were overproduced in E. coli from plasmid under control of the T7 promoter and purified. The ability of rFtDsbA proteins to catalyse human insulin reduction in the presence of DTT was evaluated. As expected, the disulphide oxidoreductase activity of the AXXA protein was abolished and resulted in precipitation only at the control reaction level with DTT alone. Surprisingly, the activity of P286T and DFKBP_N proteins was also abolished and comparable with the control reaction, although the catalytically active site CXXC was still present and intact. The insulin precipitation of rFtDsbA homologue was detected within 15 min (Fig. 4) . This indicates that not only the catalytically active site but also the presence of cis-proline and FKBP_N domain contribute significantly to the thiol/disulphide oxidoreductase activity of FtDsbA protein homologue.
In vitro chaperone-like activity of recombinant protein variants
Potential in vitro chaperone activity was monitored using CS thermal aggregation assay. The wt rFtDsbA homologue was able to suppress aggregate formation at 43 u C in a concentration-dependent manner. The aggregation of CS was inhibited to 22.6 % by equimolar addition of wt rFtDsbA (CS monomer), while four molar excess of wt rFtDsbA protein suppressed the aggregation of CS to under 10 % compared with CS alone (Fig. 5a) . The wt rFtDsbA homologue was able to recognize and bind to non-native protein and effectively prevented its aggregation also under thermal stress conditions. By contrast, the wt rFtDsbA protein was not able to dissolve the existing aggregates if the addition of wt FtDsbA protein was delayed for 5 min after the CS aggregation started to appear. The aggregation of CS was not completely suppressed, but the formation of CS aggregates was significantly slowed. The addition of wt rFtDsbA homologue without CS under the same conditions did not lead to aggregation after 1800 s of incubation, thus suggesting the stability and no protease contamination of all recombinant proteins (data not shown). The AXXA and P286T alteration had no effect on chaperone activity and the aggregation process was similar to the wt recombinant protein using the same protein concentrations (Fig. 5b, d ). These data are in agreement with those of Liu & Wang (2001) , who state that the catalytically active site cysteines of E. coli DsbC are not required for chaperone activity. Surprisingly, the truncated protein DFKBP_N reduced the aggregation of CS more effectively than did wt rFtDsbA homologue (Fig. 5c ). The aggregation of CS was suppressed to only 0.25 % in equimolar concentration. The 5 min delay of rFtDsbADFKBP_N protein addition resulted in high inhibition of aggregation, but small amounts of aggregates still appeared. The DSBA-like domain itself was more effective in preventing CS aggregation, possibly due to higher substrate exposure of crucial segments and residues in the truncated form. Taken together, the in vitro chaperone activity of F. tularensis FSC200 Dsb homologue is mediated by DSBA-like thioredoxin domain, but that activity is independent of the presence and function of the catalytically active site CXXC and the cis-proline residue.
The oligomeric state of FtDsbA homologues
The sequence homology of the FKBP_N domain to dimeric peptidyl-prolyl isomerase homologue proteins from Legionella pneumophila (LpMip) and E. coli (EcFkpA) led us to investigate the potential role of this domain in oligomerization. The possible oligomeric state of purified recombinant proteins was analysed using BN-PAGE followed by immunoblotting with anti-His or monoclonal anti-FtDsbA antibody. The wt, DFKBP_N and P286T recombinant proteins appeared on blots at several molecular masses representing the monomeric (45 kDa for wt and P286T and 30 kDa for DFKBP_N) and Functional domains in F. tularensis DsbA homologue oligomeric states. Only the monomeric state was present in the AXXA mutant. Additionally, all recombinant proteins occurred as monomers after reducing agent treatment (data not shown), indicating oligomerization of FtDsbA proteins via cysteine residues. To confirm this hypothesis, alkylation of free -SH groups by iodoacetamide in FSC200 culture was performed. As shown in Fig. 6 , the culture of FSC200 alkylated by iodoacetamide before cell lysis resulted in disappearance of oligomeric states. Thus, the dimeric state of FtDsbA protein seems to be caused by auto-association of monomers via its CXXC active site containing highly reactive cysteines, but it is not affected by FKBP_N domain deletion. This finding does not support the hypothesis of the dimerization function of the FKBP_N domain in the FtDsbA homologue.
DISCUSSION
F. tularensis is a highly infectious bacterium and, despite the development of molecular tools for Francisella manipulation, the functions of many hypothetical proteins and virulence factors remain unclear. A hypothetical lipoprotein with homology to DsbA thiol/disulphide oxidoreductases is one of the recently identified virulence factors of F. tularensis (Qin et al., 2009; Straskova et al., 2009 ). This Francisella DsbA homologue is essential to protein folding, as it introduces the disulphide bonds to newly synthesized proteins. In a previous study, several potential substrates for FtDsbA of F. tularensis LVS were identified (Straskova et al., 2009) . Although each of these proteins contains several cysteine residues, bioinformatics analysis failed to predict the disulphide bonding state (J. Damborsky and E. Sebestova, personal communication). Unlike DsbA homologues from other bacteria, the FtDsbA has two different functional domains: the C-terminal DSBA domain and the N-terminal FKBP_N domain. The exact role of these domains has not yet been clearly elucidated.
The N-terminal domain of FtDsbA protein, classified as domain amino terminal to FKBP-type peptidyl-prolyl isomerases, has been found to share homology with L. pneumophila macrophage infectivity potentiator (LpMip) (Riboldi-Tunnicliffe et al., 2001 ) and peptidyl-prolyl isomerase FkpA of E. coli (EcFkpA) (Saul et al., 2004) . In both proteins, the N-terminal domains serve as modules for dimerization. Moreover, the N-terminal domain of EcFkpA also has chaperone activity in preventing aggregation both in vitro and in vivo and it exists in a mixture of monomeric and dimeric forms (Saul et al., 2004) . The chaperone-like activity of EcFkpA is independent of its prolyl isomerase activity and requires an intact twodomain structure (Arié et al., 2001) . The dimeric state of LpMip was shown to be necessary for in vitro full virulence in Acanthamoeba castellanii and during the infection of guinea pigs (Köhler et al., 2003) . The present study provides the first evidence of the importance of the FKBP_N domain in the FtDsbA homologue. The Nterminal truncated FtDsbA homologue was highly attenuated in both in vitro and in vivo models of tularaemia infection. Although the mice infected with the DFKBP_N variant survived, the mutant was not able to induce full protective immunity and the protection against the wt Francisella challenge was classified as dose-dependent. Surprisingly, deletion of the FKBP_N domain did not induce loss of in vitro chaperone activity of the corresponding recombinant protein. In fact, the DFKBP_N recombinant protein showed increased in vitro chaperone activity compared with wt rFtDsbA. Furthermore, the dimerization function of the FKBP_N domain in the FtDsbA homologue was also not confirmed and the FtDsbA homologue exists in the cell environment in monomeric form only. The domain may play a structural role in bacterial periplasm or in attachment to the membrane, but this remains to be elucidated further. Regardless, the FKBP_N domain is essential for correct protein function, including the maintenance of thiol/ disulphide oxidoreductase activity. Thus, the FKBP_N domain effectively participates in F. tularensis virulence.
The C-terminal DSBA domain of the FtDsbA homologue is related to the DsbA_Com1_like protein family of the thiol/ disulphide oxidoreductase superfamily. Com1 protein, an outer-membrane protein of Coxiella burnetii, contains a region homologous to the catalytic site of thiol/disulphide oxidoreductases (Hendrix et al., 1993) . The DSBA domain includes the well-conserved amino acids of thioredoxin fold-related structures -the catalytic active site (C 164 -X-X-C 167 ) and cis-proline residue (P 286 ) in the so-called cisproline loop. In this study, the roles of both these conserved sites in F. tularensis FSC200 were examined. The study demonstrates the attenuation of the catalytically active site mutant in cell and animal models of tularaemia Functional domains in F. tularensis DsbA homologue infection, even though uptake of the AXXA mutant has not been affected. A similar observation has also been described for DsbA homologue in the SchuS4 strain AXXC and CXXA mutants, where the first cysteine in the motif seemed to be more critical for proper function of the enzyme (Qin et al., 2011) . It is thus evident that the intact active site of FtDsbA is indispensable for F. tularensis virulence, but not for induction of a protective response against wt challenge at all doses of infection. The other well-conserved motif of the thioredoxin fold, the cisproline loop, is distant in the sequence but nevertheless close to the catalytic CXXC site according to the known 3D structure model (Martin, 1995) . In E. coli, this one amino acid contributes to the stability and structure of DsbA (Charbonnier et al., 1999) , and it is well conserved among other Dsb members of Gram-negative bacteria, such as L. pneumophila (Jameson-Lee et al., 2011), S. enterica serovar Typhimurium (Heras et al., 2010) and Neisseria meningitidis (Lafaye et al., 2009) . The cis-proline loop was recently found to be important for substrate recognition and release (Kadokura et al., 2004) . Compared with the AXXA mutant, the P286T mutant was attenuated in vitro and in vivo, but the protection provided by P286T mutant against the wt challenge was dose-dependent.
The rFtDsbA homologue was previously demonstrated to have thiol/disulphide oxidoreductase activity (Straskova et al., 2009) . As expected, the two cysteines of the catalytically active site are essential for thiol/disulphide oxidoreductase activity; their substitution led to the loss of activity in recombinant AXXA protein. Additionally, the elimination of thiol/disulphide oxidoreductase activity after the cis-proline substitution was observed in this study, thus indicating the importance of the cis-proline residue for function of the catalytically active site. As in L. pneumophila DsbA2, a protein containing the DsbA_ Com1_like domain, alteration of the cis-proline residue led to an inability of the recombinant DsbA2 to catalyse the insulin reduction. Moreover, the L. pneumophila DsbA2 cis-proline mutant revealed negative effects on several virulence phenotypes (Jameson-Lee et al., 2011) .
This study presents the first experimental evidence of chaperone function of the rFtDsbA homologue resulting from the ability to prevent the aggregation of CS under conditions of thermal stress. The in vitro chaperone activity is evidently not associated with the catalytically active site and the cis-proline residue, as it remained unaffected after the relevant amino acid substitutions. Taken together, the chaperone activity and protein-folding catalytic activity are both associated with the DSBA thioredoxin domain, but each of these functions is mediated by different regions of the DSBA domain. The molecular chaperones are able to recognize and bind the non-native substrate proteins, thus participating in their proper folding and protecting them from aggregation and misfolding. Almost nothing is known about the in vitro chaperone activity of DsbA members among Gram-negative bacteria. In the only study available thus far, Zheng et al. (1997) demonstrated the chaperone activity of E. coli DsbA in increasing reactivation and suppressing aggregation of guanidine hydrochloride-denatured D-glyceraldehyde-3-phosphate dehydrogenase and rhodanese. The chaperone function is well known in bacterial proteins with the thioredoxin fold, which act as thiol/disulphide isomerases, including the protein disulphide isomerase (Wang & Tsou, 1993) , E. coli DsbC (Chen et al., 1999) and E. coli DsbG (Shao et al., 2000) . These multi-domain proteins generally contain at least one domain responsible for the isomerase activity and another domain for the dimerization function.
The DsbA_Com1_like domain of FtDsbA shares other well-conserved motifs crucial for protein activity and defining the redox and substrate properties of Dsb proteins. The dipeptide XX located between the cysteines of the catalytic active site CXXC determines strongly the redox properties of the active site's disulphide bond (Chivers et al., 1997) . In E. coli, only certain combinations of amino acids provide the proper activity of DsbC. Mutational analyses of active site dipeptide (XX) has revealed that C-terminal X amino acids exhibit strong preference for hydrophobic and particularly for aromatic amino acids (Bessette et al., 2001) . Considering the presence of C-terminal tyrosine in the catalytically active site of FtDsbA (CC), in vitro chaperone activity and multidomain composition of the FtDsbA homologue, the question arises as to whether this protein should rather be regarded as a DsbC homologue. However, no thiol/ disulphide isomerase activity could be detected using the scrambled RNase assay in the FtDsbA homologue (data not shown). Moreover, FtDsbA clearly exists in monomeric form in the cell environment. Thus, these data conclusively indicate the FtDsbA homologue to be a DsbA-like protein.
In conclusion, the mutational analysis of individual functional domains presented here provides deeper insight into the function and role of F. tularensis subsp. holarctica FSC200 hypothetical lipoprotein FTS_1067 with homology to DsbA. Both domains are indispensable for the proper functioning of FtDsbA protein, including the maintenance of its role in F. tularensis virulence. All the presented domain mutants induced full or at least partial protection against challenge with fully virulent type B strain. All the applied domain mutants are associated with abolishment of the main protein function, which is the thiol/disulphide oxidoreductase activity. The predicted dimerization and chaperone functions of the FKBP_N domain were refuted, and thus the real function of this domain remains unclear. By contrast, the DSBA domain was shown to be responsible for chaperone activity of the protein. Based on our experimental results, the FtDsbA homologue can be said truly to be a protein of the DsbA-like family.
